N-methyl-D-Aspartate-type glutamate receptors (NMDARs) regulate synaptic plasticity by functioning as coincidence detectors that integrate synapse-specific information with the overall excitability of neuronal cells[@R1]. NMDAR activation is essential for eliciting changes in synaptic strength, primarily by regulating the levels of postsynaptic (AMPA)-type glutamate receptors (AMPARs)[@R2],[@R3]. Numerous studies demonstrate that NMDARs and AMPARs are independently delivered to nascent synapses during synaptogenesis[@R4],[@R5],[@R6], and to mature synapses during synaptic plasticity[@R2],[@R3]. Mechanistically, sorting of these receptors into distinct vesicles[@R4],[@R6], and/or their differential retention at the postsynaptic density (PSD)[@R7] may underlie these differences, though the relative contribution of each mechanism remains unclear.

Studies on AMPAR biogenesis, transport, and synaptic delivery suggest a three step mechanism, wherein receptor subunits are synthesized within somatic endoplasmic reticulum (ER) and Golgi, transported to the plasma membrane by constitutive membrane flow[@R8],[@R9], and subsequently internalized into recycling endosomes[@R10] prior to their activity-dependent re-insertion at extrasynaptic sites[@R11],[@R12] and capture by scaffold proteins within the PSD[@R7],[@R13]. It is unclear whether NMDARs follow a similar biosynthetic pathway, and/or at what stage they are sorted from AMPARs. Studies suggest that members of the membrane-associated guanylate kinase (MAGUK) family of synaptic scaffold proteins (e.g., SAP97, PSD-95, SAP102 and CASK; see[@R7]), the protein GRIP/ABP, and subclasses of microtubule and actin-dependent motor proteins contribute to the differential sorting and trafficking of NMDA and AMPARs[@R14],[@R15],[@R16],[@R17],[@R18]. For example, SAP97 associates with AMPAR subunits during their biosynthesis and transport to the plasma membrane[@R15], and GRIP1 and KIF5 participate in the synaptic delivery of these receptors[@R19]. Similarly, subunits of the NMDAR form complexes with CASK, Velis/MALS, Mint, and KIF17 on vesicles that move rapidly along dendritic microtubules[@R14],[@R19] at rates distinct from vesicles carrying AMPARs[@R6],[@R20]. Additional reports indicate that NMDAR subunits also form complexes with SAP102, sec8, and mPins[@R21],[@R22], as well as SAP97[@R23],[@R24],[@R25]. However, it remains unclear when and where each complex forms or how each contributes to individual steps in the biogenesis, transport, and recycling of NMDARs.

Here, we have explored the mechanisms that underlie sorting of AMPARs versus NMDARs. We show that NMDARs are trafficked via a SAP97 and CASK-dependent pathway from somatic ER to a dendritic ER sub-compartment, and subsequently to Golgi outposts. In contrast, AMPARs follow the conventional route from somatic ER and Golgi to reach the plasma membrane. These data not only provide novel insights into the cellular mechanisms underlying glutamate receptor sorting, but also indicate that dendritic Golgi outposts[@R26] are part of a functionally distinct secretory pathway.

Results {#S1}
=======

NMDARs bypass somatic Golgi {#S2}
---------------------------

Sorting of membrane proteins typically occurs at the trans-Golgi network (TGN)[@R27]. To determine whether glutamate receptors traffic through somatic TGN, we co-transfected EGFP-tagged AMPAR (GFP-GluR1) or NMDAR (NR1-GFP) subunits with a constitutively active mutant of the GTPase ARF1 (ARF1-Q71I), which causes the accumulation of cargo within the Golgi by preventing COPI-coated vesicle formation[@R28].

When GFP-GluR1 was co-transfected into cultured hippocampal neurons with HA-tagged ARF1-Q71I (ARF1-Q71I-HA), both proteins accumulated in the cell soma and co-localized with antibodies against the Golgi marker GM130 ([Fig. 1A](#F1){ref-type="fig"}). Quantifying the percent overlap with GM130 revealed a 45% increase in the levels of Golgi-localized GFP-GluR1 in neurons co-expressing ARF1-Q71I-HA (p=0.02, t-test). In contrast, we saw no accumulation of NR1-GFP in neurons co-expressing ARF1-Q71I-HA ([Fig. 1A](#F1){ref-type="fig"}), indicating that NMDARs may bypass somatic Golgi. Similar results were obtained with two other conditions that block protein trafficking through the Golgi ([Fig. S1](#SD1){ref-type="supplementary-material"}).

NMDARs traffic through dendritic Golgi outposts {#S3}
-----------------------------------------------

The absence of NR1-GFP in somatic Golgi following co-expression with ARF1-Q71I was puzzling because membrane proteins are usually post-translationally processed within the Golgi before their insertion at the plasma membrane. We thus tested whether NMDARs instead use dendritic Golgi membranes. These "Golgi outposts" are considered an extension of the somatic Golgi[@R29], or a site of biosynthesis for integral membrane proteins translated from dendritically localized mRNAs[@R26],[@R30]. To assess a role for Golgi outposts in NMDAR trafficking and processing, we again used ARF1-Q71I-HA to block Golgi trafficking. As with somatic Golgi, GM130 immunoreactivity identified dendritic Golgi outposts ([Fig. 1B](#F1){ref-type="fig"}). In neurons expressing NR1-GFP alone, we observed modest co-localization with GM130-positive puncta. However, when ARF1-Q71I-HA was co-transfected with NR1-GFP, we detected a significant increase in Golgi outpost size and the intensity of co-localizing NR1-GFP puncta (\~3--fold, p=0.029), consistent with NMDARs trafficking through dendritic rather than somatic Golgi. No accumulation of AMPAR subunits was observed in Golgi outposts following ARF1-Q71I block, as almost all GFP-GluR1 remained in the soma and failed to traffic beyond proximal dendritic segments ([Fig. S2](#SD1){ref-type="supplementary-material"}).

To rule out the possibility that NR1-GFP overexpression was responsible for these findings, we examined the effects of ARF1-Q71I-HA on endogenous NR1 and NR2B subunits. Again, ARF1-Q71I-HA did not trigger the accumulation of NR1 within somatic Golgi ([Fig. 1C](#F1){ref-type="fig"}), but did significantly increase the percent overlap between dendritic NR1- and NR2B- immunoreactive puncta (60% and 43%, p=0.016 and 0.007, respectively) and Golgi outposts (labeled with the EGFP-tagged Golgi marker galactosyltransferase, Galtase-GFP). This accumulation was not due to alterations in synapse stability or formation by ARF1-Q71I-HA expression ([Fig. S3](#SD1){ref-type="supplementary-material"}). These data demonstrate that NMDARs traffic from the soma via a pathway that bypasses somatic Golgi but utilizes dendritic Golgi, in contrast to the conventional sorting pathway of AMPARs.

NMDAR transport in dendrites occurs via a mobile ER sub-compartment {#S4}
-------------------------------------------------------------------

If NMDARs bypass somatic Golgi by budding directly from the ER, then NMDAR-containing transport vesicles in dendrites may have features in common with the ER. Recent studies have demonstrated the existence of an ER sub-compartment throughout dendrites of hippocampal neurons[@R29]. The ER sub-compartment contains ER-resident proteins, proteins involved in Ca^+2^ storage and release[@R31],[@R32], and associated vesicles that move via kinesin motors in both the anterograde and retrograde direction at velocities of 0.2 -- 0.3 μm/sec at 36--37°C[@R31],[@R32]. To assess whether NMDAR-containing vesicles are part of this compartment, we utilized three different ER markers: 1) anti-KDEL Abs, 2) anti-IP3 receptor Abs, and 3) DsRed-ER (a DsRed fusion protein containing ER-retention signals from both calreticulin and KDEL). All three markers co-localize with each other and with newly synthesized NR1-GFP in small punctate structures within dendrites ([Fig. 2A](#F2){ref-type="fig"}).

To further characterize these NMDAR-containing vesicles, we performed live imaging on 13 day old neurons co-expressing newly-synthesized NR1-GFP and DsRed-ER. We routinely observed small, discrete, highly mobile NR1-GFP puncta that also contained DsRed-ER ([Fig. 2B](#F2){ref-type="fig"}). These puncta moved rapidly along dendrites in both anterograde and retrograde directions at a mean rate of 0.26 ±0.03 μm per second at 36--37°C (for 11 measured events). This rate is similar to that reported previously for ER-like vesicles in dendrites[@R31],[@R32], as well as for NMDAR-containing vesicles[@R6],[@R17].

We next tested whether other NMDAR or AMPAR subunits were also present on ER sub-compartment vesicles. Brefeldin A (BFA) was used to enrich for ER-vesicles trafficking from the soma. Cultures were transfected with DsRed-ER, treated with BFA (2h post-transfection), and assayed for endogenous NR2B and GluR1 subunits on ER sub-compartment puncta ([Fig. 2C](#F2){ref-type="fig"}). We observed a high degree of co-localization between DsRed-ER and NR2B (60%), but not GluR1 (19%), consistent with NR1 and NR2B-containing NMDARs, but not GluR1-containing AMPARs, in ER-derived vesicles that traffic to dendrites.

It was previously shown that dendritic transport of NMDARs is mediated by a complex composed of three multi-domain scaffold proteins, CASK (Lin2), Velis/MALS (Lin7), and Mint (Lin10), that tether NMDARs to the kinesin KIF17[@R14],[@R33]. We used immunostaining to evaluate whether the observed NMDAR-containing vesicles contained CASK and KIF17 ([Fig. S4](#SD1){ref-type="supplementary-material"}). We found that clusters of CASK and KIF17 exhibited a high degree of overlap with NR1-GFP ([Fig. S4A,B](#SD1){ref-type="supplementary-material"}) and DsRed-ER puncta ([Fig. S4C,D](#SD1){ref-type="supplementary-material"}), suggesting that mobile NMDAR/ER vesicles share features with previously characterized NMDAR transport vesicles.

SAP97 associates with NMDARs and CASK and alters NMDAR trafficking {#S5}
------------------------------------------------------------------

CASK not only forms complexes with Velis/MALS and Mints[@R33],[@R34], but also with another MAGUK, SAP97[@R35],[@R36]. SAP97 interacts via its N-terminal PDZ domains with the C-terminal tails of NR2A or NR2B subunits of the NMDAR[@R23], and is known to do so within the ER of transfected cells[@R25],[@R37]. Taken together, these features led us to hypothesize that a complex containing SAP97 and CASK may traffic NMDARs into the dendritic ER sub-compartment.

This concept was initially tested in HEK293 cells by co-expressing HA-NR1 (HA-tagged on its extracellular domain) and NR2B subunits. We detected NMDARs at the cell surface, consistent with assembled NMDARs having transited through the ER and Golgi ([Fig. 3A,E](#F3){ref-type="fig"}). However, when co-transfected with EGFP-tagged SAP97, surface NMDAR expression was lost ([Fig. 3B,E](#F3){ref-type="fig"}), and nearly all NMDARs were sequestered in large structures co-localizing precisely with EGFP-SAP97 fluorescence ([Fig. 3B](#F3){ref-type="fig"}). These clusters also co-localized with ERp57 ([Fig. 3B](#F3){ref-type="fig"}), a resident ER protein, suggesting that SAP97 sequestered NMDARs within an ER-derived compartment. While SAP97 can also bind AMPAR GluR1 subunits[@R38], it had no effect on the surface expression or ER distribution of these receptors when a HA-tagged version of GluR1 (HA-GluR1) was co-expressed with EGFP-SAP97 ([Fig. 3A](#F3){ref-type="fig"}).

We also examined whether CASK affected the distribution of NMDARs in HEK293 cells. In the presence of myc-tagged CASK and EGFP-SAP97, NMDARs trafficked to the cell surface and were no longer retained in the ER ([Fig. 3C,E](#F3){ref-type="fig"}). This effect required a direct interaction between CASK and SAP97, as a CASK deletion mutant lacking its N-terminal L27 domain (L27N), which binds the N-terminal L27 domain of SAP97[@R35], had no effect when transfected with GFP-SAP97 ([Fig. 3D,E](#F3){ref-type="fig"}). These data demonstrate that SAP97 can mediate the ER retention of NMDARs, and together with CASK may regulate the sorting and trafficking of NMDARs through the ER and Golgi.

We next examined whether SAP97 and CASK formed complexes with NMDARs in hippocampal neurons. This was initially explored by immunostaining cultured hippocampal neurons with antibodies against NR1, SAP97, and/or CASK. We observed strong co-localization of NR1 with SAP97 or CASK, in somata and punctate structures along the dendrites of these neurons ([Fig. 4A](#F4){ref-type="fig"}). To distinguish between synaptic puncta and NMDAR transport vesicles, we first immunostained cultures with SAP97 and synapsin antibodies. Endogenous SAP97 was present not only at synapses, as defined by the co-localization of SAP97 and synapsin puncta along dendrites ([Fig. 4A](#F4){ref-type="fig"}), but also in a distinct population of smaller puncta lacking synapsin ([Fig. 4A](#F4){ref-type="fig"}, arrows). These latter data suggested that non-synaptic SAP97 might be associated with dendritic vesicles containing NMDARs. As another test, neurons were transfected with YFP-tagged SAP97 and GFP-tagged NR1, and then immunostained for synapsin and CASK. As shown in [Figure 4B](#F4){ref-type="fig"}, using a filter set that separated YFP and GFP spectra, we saw two populations of YFP-SAP97 puncta: larger synaptic puncta that co-localized with NR1-GFP, CASK and synapsin, and smaller puncta that co-localized only with CASK and NR1-GFP.

To test whether SAP97 and NMDARs were found together in mobile ER vesicles, cells were co-transfected with RFP-SAP97 and NR1-GFP, or EGFP-SAP97 and DsRed-ER prior to time-lapse imaging ([Fig. 4C](#F4){ref-type="fig"}). We detected highly mobile RFP-SAP97 and EGFP-SAP97 puncta that co-migrated along dendrites with NR1-GFP (average velocity in both the retrograde and anterograde directions of 0.13 ± 0.07 μm/sec; mean ± SD; n=13; see [Supplementary Video 1](#SD1){ref-type="supplementary-material"}) or DsRed-ER puncta (average velocity in both the retrograde and anterograde directions of 0.34 + 0.05 μm/sec; mean ± SD; n=15), respectively. These data demonstrate that SAP97 and NMDARs together associate with motile, ER-like vesicles in dendrites.

We next assessed whether SAP97 exists in a complex with NMDARs and CASK by immunoprecipitating SAP97 from post-natal day 2 (P2) rat brain microsomal membranes. Using Western blot analysis, we found that CASK and NR2B subunits of the NMDAR co-immunoprecipitated with SAP97, consistent with a complex containing SAP97, CASK and NMDARs ([Fig. 5A](#F5){ref-type="fig"}). The formation of this complex was confirmed in HEK293 cells. HA antibodies immunoprecipitated HA-tagged NMDAR subunits as well as co-transfected GFP-SAP97 and Myc-CASK ([Fig. 5B](#F5){ref-type="fig"}). We failed to detect any myc-CASK in this complex when the L27N CASK deletion was used ([Fig. 5B](#F5){ref-type="fig"}), indicating that its association with the SAP97/NMDAR complex requires a L27 domain-mediated interaction.

To test whether SAP97 and NMDARs co-localized on cellular membranes, we also performed dual label immunogold electron microscopy on dendrites of CA1 pyramidal cells. SAP97 immunoreactivity was detected at the pre-embed stage and enhanced by silver-intensified gold (SIG), and NR2B immunoreactivity at the post-embed stage with 10 nm colloidal gold. As shown in [Fig. 5D](#F5){ref-type="fig"}, 10nm gold particles (arrows) were readily detected in the vicinity of larger SIG particles ([Fig. 5D](#F5){ref-type="fig"}; circles in black), many of which associated with dendritic membranous structures. Our limit of resolution for co-localization was 60 nm, the estimated maximal distance that could be traversed by four IgG molecules linked to a single SAP97-NR2B complex. Altogether, our findings of a SAP97-CASK-NMDAR complex in mobile ER-like vesicles are consistent with the concept that SAP97 and CASK participate in the sorting of NMDARs into the ER sub-compartment found in dendrites.

SAP97 and CASK regulate NMDAR sorting through Golgi outposts {#S6}
------------------------------------------------------------

To further examine the roles of SAP97 and CASK in NMDAR trafficking, we generated short-hairpin RNAs (shRNAs) against SAP97 or CASK transcripts. Based on Western blot analysis, these shRNAs dramatically suppressed the expression of SAP97 (\>90%) and CASK (\>70%), while a scrambled shRNA had no effect ([Fig. S5](#SD1){ref-type="supplementary-material"}). To determine whether SAP97 or CASK knockdown affected NMDAR trafficking, we examined the co-localization of NR1 subunits with the Golgi marker GM130 in the somas of shRNA-expressing neurons ([Fig. 6A](#F6){ref-type="fig"}). We observed a significant increase in the perinuclear distribution of NR1 in neurons expressing shRNAs for SAP97 or CASK versus control cells ([Fig. 6A](#F6){ref-type="fig"}), and significant colocalization with GM130, suggesting that NR1 now trafficked via the somatic Golgi. Quantitatively, SAP97 knockdown led to a 33% increase in NR1 at the somatic Golgi, and CASK knockdown to a 48% increase compared to neurons expressing scrambled shRNAs ([Fig. 6B](#F6){ref-type="fig"}). These results suggest that SAP97 and CASK are required for the selective sorting of NMDARs away from somatic Golgi.

We also tested the effects of SAP97 and CASK knockdown on AMPAR trafficking. We observed an accumulation of endogenous GluR1 within the somatic Golgi of neurons infected with the SAP97 shRNA. No accumulation was seen in uninfected neurons, neurons infected with a scrambled shRNA, or neurons infected with shRNA against CASK ([Fig. 6C,D](#F6){ref-type="fig"}). Reducing the levels of SAP97 or CASK had no effect on the trafficking of another synaptic protein, synaptophysin, through somatic Golgi ([Fig. 6E,F](#F6){ref-type="fig"}). Together, these observations indicate that SAP97, but not CASK, performs a specific role in the forward trafficking of GluR1 through somatic Golgi. This result is consistent with previous studies demonstrating that a SAP97-GluR1 interaction has a role in forward trafficking of AMPARs to the plasma membrane[@R15]. No such involvement of CASK in AMPAR trafficking has been described.

The accumulation of NR1 in somatic Golgi with knockdown of SAP97 or CASK suggests that these MAGUKs are required for the forward trafficking of NMDARs through Golgi membranes. Alternatively, NMDARs may still have the capacity to transit through somatic Golgi in the absence of SAP97 or CASK, but accumulate due to a slowed transport rate. To distinguish between these possibilities, we examined whether ARF1-Q71I Golgi block further enhanced NMDAR levels in the somatic Golgi of neurons lacking SAP97. Neurons expressing both SAP97 shRNAs and ARF1-Q71I-HA showed a marked increase in NR1 immunofluorescence in somatic Golgi ([Fig 6G](#F6){ref-type="fig"}; bottom row, **H**) compared to neurons with SAP97 shRNAs alone ([Fig. 6A](#F6){ref-type="fig"}; middle row). The average overlap between NR1 and GM130 intensities in somata was increased by 80% in neurons with ARF1-Q71I-HA and SAP97 knockdown ([Fig. 6H](#F6){ref-type="fig"}), compared to 33% in neurons without ARF1-Q71I-HA ([Fig. 6B](#F6){ref-type="fig"}).

Finally, we examined whether NMDARs still accumulate in Golgi outposts during an ARF1-Q71I block in neurons lacking SAP97. Endogenous NR1 accumulated at ARF1-Q71I-HA positive puncta in dendrites of neurons expressing a scrambled shRNA, but exhibited a 65% (p=0.00004) reduction at these same sites in neurons expressing the SAP97 shRNA ([Fig. 6I](#F6){ref-type="fig"}).

SAP97 and CASK influence the synaptic localization of NMDARs {#S7}
------------------------------------------------------------

To address whether the alternative secretory pathway taken by NMDARs contributes to their synaptic delivery, we assessed whether SAP97 or CASK knockdown altered synaptic levels of NMDARs. This was tested by measuring the average intensity of NR1 immunoreactive puncta co-localizing with synaptophysin in neurons infected with the shRNAs ([Fig. 7](#F7){ref-type="fig"}). The normalized ratio of NR1 to synaptophysin intensity was 30% less in neurons with SAP97 shRNA, and 46% less in those with CASK shRNA, when compared to uninfected neurons or neurons expressing a scrambled shRNA sequence ([Fig. 7A--C](#F7){ref-type="fig"}). These results are consistent with the 45% decrease in NMDAR EPSCs observed previously with a SAP97 knockdown in hippocampal neurons[@R39]. Furthermore, they correlate with the 33% and 48% increases in NMDAR somatic Golgi accumulation observed with the same SAP97 and CASK knockdowns ([Fig. 6A,B](#F6){ref-type="fig"}). These effects were not due to alterations in synapse formation or stability, as neither SAP97 nor CASK knockdown yielded a change in synaptic density versus scrambled shRNA controls ([Fig. S6](#SD1){ref-type="supplementary-material"}). Taken together, these data indicate that NMDARs traffic to synapses via the conventional secretory pathway in the absence of SAP97 or CASK, but are more efficiently delivered to synapses when they utilize the atypical pathway through the ER sub-compartment and dendritic Golgi outposts.

Discussion {#S8}
==========

NMDARs utilize an atypical secretory pathway {#S9}
--------------------------------------------

With their long processes and polarized structures, neurons face unparalleled demands to correctly sort and target proteins to the appropriate destinations. Like other cells, neurons have partially solved this problem by sorting proteins into vesicles at the TGN prior to their transport to axons or dendrites[@R40],[@R41],[@R42]. Sorting of postsynaptic glutamate receptors was initially thought to only occur at the TGN. However, recent studies have demonstrated that sorting of AMPARs utilizes an endosomal pathway after their insertion at or near the PSD[@R10].

In this study, we have uncovered yet another pathway for glutamate receptor trafficking, that involves a dendritic ER sub-compartment and Golgi outposts and is utilized by NMDARs but not AMPARs. This trafficking pathway requires SAP97 and CASK, and appears essential for the efficient synaptic delivery of NMDARs. Our data reveal three novel aspects of NMDAR trafficking. First, the majority of NMDARs use this alternative pathway, as no increase in NMDAR immunoreactivity or NR1-GFP fluorescence was seen in somatic Golgi following an ARF1-Q71I block. Second, NMDAR trafficking from the soma to dendrites is independent of COPI vesicle formation, and NMDARs remain in an ER-like compartment during their trafficking into dendrites. Finally, NMDAR transit through dendritic Golgi outposts is dependent on COPI vesicle formation, suggesting that Golgi outposts for NMDARs much like somatic TGN functions for other proteins, i.e. as a transit and processing station. This may enable neurons to more tightly and locally regulate the delivery of synaptic NMDARs.

SAP97 and CASK direct NMDARs to Golgi outposts {#S10}
----------------------------------------------

Our data indicate that NMDARs exit the conventional secretory pathway just after their exit from the somatic ER compartment. This prediction is supported by our 15°C temperature shift experiments that led to the somatic accumulation of newly synthesized NMDARs ([Fig. S1](#SD1){ref-type="supplementary-material"}). Furthermore, we found that a signification fraction of dendritically localized, extra-synaptic NMDARs co-localized with ER markers, including KDEL, IP3R, and DsRed-ER ([Fig. 2](#F2){ref-type="fig"}). Importantly, these NMDAR-associated, ER-derived vesicles were found to be highly dynamic, moving at speeds consistent with their transport along dendritic microtubules[@R31], and to share features with previously characterized transport vesicles[@R14] containing NMDARs, CASK, and KIF17.

By further characterizing ER-derived NMDAR transport vesicles, we detected SAP97 associated with NMDAR/CASK/KIF17 complexes. SAP97 directly binds CASK and NMDARs[@R35],[@R36],[@R23] and causes ER retention of voltage-gated ion channels in HEK293 cells[@R37]. These data suggest that SAP97 is necessary for sorting NMDARs into the alternative secretory pathway. Three lines of evidence support this hypothesis: 1) SAP97 caused the ER retention of NMDARs when co-transfected with NMDAR subunits into HEK293 cells ([Fig. 3](#F3){ref-type="fig"}); 2) SAP97 knockdown in neurons caused NMDAR accumulation in somatic Golgi ([Fig. 6](#F6){ref-type="fig"}); and 3) endogenous NMDAR localization in dendritic Golgi outposts was lost with SAP97 knockdown and ARF1-Q71I-HA block of Golgi trafficking ([Fig. 6](#F6){ref-type="fig"}). These data suggest that SAP97 associates with NMDARs during/after their assembly in the ER, and that this interaction prevents their ability to transit from ER exit sites to the somatic Golgi (See Model [Fig. S7](#SD1){ref-type="supplementary-material"}).

Our data also indicate that SAP97 does not act alone in diverting NMDARs from somatic Golgi, although it has the ability to directly bind NR2 subunits of the NMDAR[@R23]. CASK, a second component of the NMDAR transport complex, is also required for this process, though it does not directly bind NMDAR subunits. Two sets of experiments support this conclusion. First, CASK co-expression enabled NMDAR transport to the cell surface and prevented SAP97-dependent ER retention of NMDARs ([Fig. 3](#F3){ref-type="fig"}). This activity required the L27N domain of CASK, necessary for complex formation with SAP97[@R35]. Second, CASK knockdown in cultured hippocampal neurons re-routed NMDARs through somatic Golgi ([Fig. 6](#F6){ref-type="fig"}). These data indicate that a CASK-SAP97 complex functions in concert to sort NMDARs through this atypical secretory pathway.

Functional significance of the alternative secretory pathway {#S11}
------------------------------------------------------------

We evaluated whether levels of synaptic NMDARs were altered by knockdown of SAP97 or CASK, and found that either reduced synaptic NMDARs by 30--40% ([Fig. 7](#F7){ref-type="fig"}). These values are consistent with the 45% decrease in NMDAR EPSCs observed previously with SAP97 knockdown[@R39]. A similar reduction in synaptic NMDARs was reported for neurons lacking KIF17, the microtubule-dependent motor thought to be responsible for the anterograde transport of vesicles carrying NMDARs/CASK[@R17]. When this alternative pathway is unavailable, NMDARs can traffic to synapses via the conventional secretory pathway, as evidenced by the accumulation of NMDARs in somatic Golgi during the knockdown of SAP97 or CASK (33% and 48%, respectively) ([Fig. 6](#F6){ref-type="fig"}), as well as by the 80% increase in NMDARs on somatic Golgi during a SAP97 knockdown/ARF1-Q71I block ([Fig. 6](#F6){ref-type="fig"}). We also detected a reciprocal relationship between the increase in NMDARs at the Golgi (33% and 48%; [Fig. 6](#F6){ref-type="fig"}) and their reduction at synapses (30% and 46%; [Fig. 7](#F7){ref-type="fig"}) during the SAP97 or CASK knockdown, respectively. Our data suggest that loss of synaptic NMDARs is caused by a reduced rate of trafficking as they move through the conventional secretory pathway, and not by reduced synaptic anchoring of the receptors by SAP97 or CASK.

Another question raised by our studies is whether this alternative secretory pathway is specific for NMDARs, or whether other integral membrane and/or secreted proteins traffic through this pathway. Clearly, proteins previously shown to reside within the dendritic ER sub-compartment, such as the integral membrane IP3 receptor and the calcium ATPase-2a are trafficked using this pathway[@R31]. Our studies on GluR1 subunits of the AMPAR indicate that this pathway is not available to all proteins and that there is some degree of specificity. Other studies have found that recombinant BDNF, a secreted protein, and VSVG, an integral membrane protein, traffic though dendritic Golgi outposts, though both proteins also appear to use somatic Golgi, perhaps due to over-expression[@R29]. Inwardly rectifying potassium channels (Kir2) also complex with SAP97, CASK, Mint and Velis/MALS in fibroblast and neuronal cells[@R36]. Although not explored here, the ability of SAP97 and CASK to form complexes with channels other than NMDARs suggest that this alternative sorting pathway may be used by multiple dendritically sorted ion channels and receptors.

In summary, we find that the differential sorting of NMDARs and AMPARs begins in the somatic ER, causing a majority of NMDARs to bypass somatic Golgi in favor of dendritic Golgi outposts. Our data also reveal that the MAGUKs SAP97 and CASK are required for the sorting of NMDARs from AMPARs. Finally, our data indicate that this alternative pathway allows NMDA receptors to be more efficiently delivered to synapses and may provide a platform for local control of NMDAR insertion near synapses.

Methods {#S12}
=======

Antibodies {#S13}
----------

The following primary antibodies were used in immunofluorescence and Western blot experiments: Anti-HA mAb HA.11 (Covance), anti-cMyc 9E10 mAb and pAb (Santa Cruz), anti-GFP pAb (Invitrogen), anti-ERP57 pAb (StressGen), anti-NR2B mAb (BD Biosciences), chicken and rabbit anti-HA pAbs (Bethyl), anti-KDEL mAb (StressGen), anti-IP3R pAb (Affinity Bioreagents), anti-NR1 mAb363 (Chemicon), anti-synapsin mAb (Chemicon), anti-SAP97 pAb (Affinity Bioreagents), anti-CASK (pAb, Zymed; mAb, BD Biosciences), anti-KIF17 pAb (Sigma), anti-GluR1 pAb (Calbiochem), anti-tubulin mAb (Sigma), anti-TGN38 mAb (BD Biosciences), anti-GM130 pAb (Calbiochem), anti-MAP2 pAb (Sigma), anti-PSD95 mAb (Neuromab), and anti-synaptophysin pAb (Santa Cruz). The secondary antibodies were from Molecular Probes (goat anti-mouse and rabbit Alexa Fluors 488, 568, and 647; goat anti-chicken DSB-X biotin and Streptavidin-Marina Blue), Aurion (10 nm and 0.8 nm colloidal gold-conjugated goat anti-rabbit IgG and 0.8 nm colloidal gold-conjugated goat anti-mouse IgG).

Cell Culture and Transfection {#S14}
-----------------------------

HEK-293 cells (gift from Dr. J. Kyle, University of Chicago, Chicago, IL) were maintained in DMEM supplemented with 10% calf serum (Hyclone). Cells were transiently transfected with cDNA using a calcium phosphate protocol [@R43]. Cells transfected with HA-GluR1 or HA-NMDAR were maintained in media containing 1mM Kynurenic acid (Sigma), or 100μM D-APV (Sigma) and 10μM MK-801 (RBI), respectively, to prevent excitotoxicity.

Hippocampal cultures were prepared using a modified Banker culture protocol[@R44]. Briefly, hippocampi from embryonic (E18--19) Sprague-Dawley rats were dissected out, dissociated in 0.05% trypsin (Invitrogen), and cells plated at a density of 165/mm2 on poly-L-lysine coated coverslips (Carolina Biological). One hour after plating, coverslips were transferred in pairs to 60 mm dishes containing a glial feeder layer, where they were inverted (to maximize neuronal contact with secreted glial factors) and maintained in Neurobasal medium containing B27 and GlutaMAX (all from Invitrogen).

Neuronal cultures were transfected at DIV12--14 with the Lipofectamine 2000 transfection reagent (Invitrogen) according to manufacturer's recommendations, except that 1--2.5 μg of each cDNA in 62.5 μl Neurobasal media and 2.5 μl of Lipofectamine 2000 in 62.5 μl Neurobasal media were mixed and added to coverslips in 6 well plates.

cDNA Constructs {#S15}
---------------

Rat NR1 and NR2B were obtained from J. Boulter (UCLA). All subunits were tagged at the NH~2~ terminus with the hemaglutinin (HA:YPYDVPDYA) epitope using the extension overlap PCR method[@R45]. These cDNAs were then subcloned into a pCB6 mammalian expression vector. Myc-CASK and Myc-CASK L27 were gifts from Ben Margolis (University of Michigan). GluR1-GFP was a gift from R. Malinow (Cold Spring Harbor). Construction of NR1-GFP and GFP-SAP97 has been previously described[@R46],[@R47]. YFP-SAP97 and RFP-SAP97 were generated by excising SAP97 from pEGFP-C1 (Clontech) with EcoRI and KpnI, and subcloning into pEYFP-C1 and pDsRed1-C1 (Clontech), respectively. ARF1-Q71I-HA was a gift from A. El-Husseini (University of British Columbia). Galactosyltransferase-GFP (Galtase-GFP) was a gift from Jennifer Lippincott-Schwartz (NIH), and pDsRed-ER is from Clontech Laboratories.

Immunofluorescence Staining {#S16}
---------------------------

HEK-293 cells (18--24h post-transfection), and neuronal cultures, were washed 2x in PBS at room temperature, fixed in 4% paraformaldehyde/sucrose (4° C; 15min.), and washed 3x in PBS (5--10min.). For permeabilization, cells were incubated in 0.1% Triton-X-TBS (10min.), incubated in blocking solution (BS) (2% Glycine, 2% BSA, 0.2% Gelatin, and 50mM NH~4~Cl in 1X PBS; 10min.), and then incubated with the indicated primary antibody diluted in BS (1h). Following primary antibody incubation, cells were washed 3x in BS (5--10min.) and overlaid with an appropriate secondary antibody diluted in BS (1h). Cells were then washed 3x in PBS (5--10min.) and the slips mounted in Vectashield (Vector laboratories) or Prolong Gold (Invitrogen). Fluorescence images were acquired using the Leica SP2 AOBS spectral laser scanning confocal microscope (LSCM, Leica Microsystems), or with a Yokogawa spinning disc confocal head (Perkin Elmer), fitted on a Zeiss Axiovert 200M microscope. Images were processed using Image J (NIH) and Adobe Photoshop software.

Image Analysis {#S17}
--------------

Quantification of fluorescence data was performed using MetaMorph (Universal Imaging, Downing-town, PA) and Image J software. Somatic Golgi localization was assayed by setting the Z-plane limits for acquisition (\~ 0.5--1.0 μm/slice, 5--10 slices) based on fluorescence signal for the Golgi marker (GM130 or TGN38). The signal was then thresholded and used to create a binary mask, allowing for the measurement of subunit pixel intensities in each plane. Averaged pixel intensities for the entire Z stack were calculated, background subtracted, and normalized to control values. Expression levels, in exogenous subunit experiments, was controlled for by measuring the average pixel intensity in a small box drawn outside of the Golgi, where subunits displayed an even distribution. A Golgi-to-soma (non-Golgi) ratio was calculated for each cell, and normalized to control ratio values. Experiments were conducted from a minimum of 2 independent culture preparations, with 10 neurons per experimental group.

Analysis of Golgi outpost localization was performed as above, except that averaged Z projections for all channels were used for quantification. A combined Golgi and mutant ARF1 binary mask was created (Golgi alone for control fields), ensuring the analysis of outposts with impaired COPI function. Averaged NR1 and NR2B pixel intensities in the thresholded regions were measured, background subtracted, and normalized to control values. For exogenous NR1-GFP experiments, differences in protein expression levels across cells were controlled for by measuring average pixel intensities in a small region of the immediate proximal dendrite where subunit distribution was uniform, calculating an outpost to dendrite ratio for each cell analyzed, and normalizing to control ratio values. Experiments were conducted from a minimum of 2 independent culture preparations, and 5 fields per condition.

Synaptic NR1 expression was quantified by setting Z-plane limits using the synaptophysin signal, then acquiring both channels. Averaged Z-projections of image stacks were created, thresholded and scored for co-localization and signal intensity using the cell-scoring feature in MetaMorph. Averaged intensities in each field were background-subtracted and normalized, and the ratio of NR1 to synaptophysin intensities was analyzed in Excel. Experiments were conducted from a minimum of 2 independent culture preparations, and 10 fields per condition.

Analysis of the co-localization of DsRed-ER-containing vesicles with endogenous NR2B or GluR1 were carried out by background-subtracting and thresholding image fields so that only puncta greater than 2 fold above background were selected. Co-localizing puncta were evaluated using the Analyze Particles function in Image J.

Analysis of the effects of mutant ARF1 expression on GFP-GluR1 dendritic distribution ([Fig. S2](#SD1){ref-type="supplementary-material"}) was performed on Z-stacks of dendrites. Averaged pixel intensities along the first 20μm were calculated, background-subtracted, and normalized to control values. Expression levels in individual cells were controlled for as described above. Experiments were conducted from a minimum of 2 independent culture preparations, with 10 neurons per experimental group.

Synaptic density experiments ([Figs. S3, S6](#SD1){ref-type="supplementary-material"}) utilized co-localization of pre- and post-synaptic markers to denote synaptic sites. Thresholded puncta were analyzed using the Analyze Particle function in Image J, and the number of co-localizing puncta were divided by the length of dendrite analyzed. Experiments were conducted from a minimum of 2 independent culture preparations, with 5--10 neurons per experimental group.

Statistics {#S18}
----------

Statistical comparisons for all confocal analyses were made using two-tailed, Student's t-tests. Flow cytometric comparisons were made using ANOVA/Tukey post hoc analysis.

Spectral separation of GFP and YFP {#S19}
----------------------------------

Samples were sequentially excited in spectral scan mode (Leica), at reduced levels, using the 488 and 514 nm laser lines, and emission windows were visually optimized. GFP bleed-through into the YFP channel was assessed by scanning neurons only expressing the GFP-fusion protein, exciting with the 514 nm laser line, and collecting data with the emission window set at 535--565nm. Under these conditions GFP fluorescence was negligible. YFP cross-talk into the GFP channel was assessed and controlled for by scanning neurons only expressing the YFP fusion protein with the 488 line, and setting the emission window at 490--515. At the laser intensities used, YFP cross-talk was negligible when the emission window did not extend beyond 515nm. The effectiveness of this protocol was confirmed by the presence of mutually exclusive puncta in overlay images from co-transfected neurons.

Time-lapse Imaging {#S20}
------------------

For the time-lapse imaging experiments, the culture medium was replaced with a 10 mM Hepes buffer solution (pH 7.3). Neurons were visualized under an inverted microscope (IX81, Olympus) and a 60x objective (NA 1.4, Olympus) using standard filter sets and a Hg lamp. Culture slips were maintained at \~37°C by placing dishes in a heating chamber affixed to the microscope stage. Sequential images were acquired, 100--1000ms exposures, on a Retiga EXi chilled charged coupled device (QImaging, Burnaby, BC, Canada), under the control of MetaMorph software.

Flow cytometry {#S21}
--------------

Surface HA expression was assayed by labeling live cells 24 hours post-transfection with an anti-HA antibody, washing 2X in PBS, and labeling with a fluorescently-conjugated secondary antibody. Fluorescence quantification was carried out using an LSRII Flow Cytometer (488 and 647 nm laser; BD Biosciences, San Jose, CA) and analysis of flow data was performed using FlowJo 7.2.4 software.

Electron and Light Microscopy {#S22}
-----------------------------

Two Sprague-Dawley rats, postnatal day 7, were deeply anesthetized with Nembutal (50 mg/kg). Brains were fixed by transcardial perfusion with a mixture of aldehydes (4% paraformaldehyde and 1% glutaraldehyde in PBS). Vibratome-sections from these brains were incubated in 1% hydrogen-peroxide and then 1% albumin-bovine serum albumin in PBS for 30 minutes each, in order to minimize background staining. Sections were incubated in polyclonal rabbit anti-SAP97 (1:500), and incubations were for 2 days at room temperature. Antigen-antibody complexes were visualized by applying 0.8 nm gold-conjugated secondary antibodies, diluted 1:100. The gold particles were silver intensified (Silver IntensEM kit, Amersham). Digital images were captured at a magnification of 40x for light microscopy.

The SAP97-immunolabeled vibratome sections were processed through osmium-free tissue processing[@R48], dehydrated, and embedded in resin (Embed 812; EMS). The CA1 field of hippocampus was sectioned at a thickness of 80 nm and immunolabeled for the NR2B subunit of NMDARs using post-embed gold (PEG) procedure[@R49]. Briefly, the grids holding the sections were incubated in 1:20 dilution of rabbit anti-NR2B antibody (Upstate) overnight, followed by 1 hr incubation in 1:40 dilution of 10 nm gold-conjugated secondary antibody (Aurion, PA). The grids were counterstained with lead citrate to enhance contrast.

Pyramidal cell layer of CA1 was examined under electron microscope (JEOL, Japan) along the tissue-Epon interface. Micrographs containing somata and proximal dendrites were captured digitally (Hamamatsu CCD Camera, Japan; AMT, MA) at a magnification of 40,000x. In order to determine whether SAP97 co-localized with the NR2B-subunit at a frequency above chance level, we drew a 60 nm-radius circle (the maximum distance between two primary antibody-secondary antibody complexes associated with a single antigenic site) around every SIG label (SAP97, circles in [Fig. 5](#F5){ref-type="fig"}) that represented the region that could be ascribed to the co-existence of NR2Bs with SAP97.

Immunoprecipitation and Western blot {#S23}
------------------------------------

Cells were pelleted by brief centrifugation, resuspended, washed once with PBS and solubilized in lysis buffer (150 mM NaCl, 5 mM EDTA pH 7.4, 50 mM Tris pH 7.4, 0.02% NaN~3~) containing 1% Triton X-100 (TX-100)+NEM (2 mM), PMSF (2 mM), leupeptin (10 μg/ml), TLCK (10 μg/ml), chymotrypsin (10 μg/ml) and pepstatin (10 μg/ml). Following a 1h solubilization (4°C), samples were centrifuged at 14 000 *g* for 30 min at 4°C. Subsequent analyses were performed using the TX-100-soluble fraction. Immunoprecipitations were performed by overnight antibody incubation at 4°C. Protein antibody complexes were isolated with Protein G-Sepharose for 3 hr at 4°C.

For immunoblotting, proteins separated by SDS-PAGE were transferred to nitrocellulose membranes. After transfer, the nitrocellulose was blocked with 3% milk in wash buffer (10 mM Tris, pH 7.4, 0.05% Tween 20, and 150 mM NaCl). Membranes were washed briefly in wash buffer and then incubated for 1h with primary antibodies. The blots were washed and incubated with secondary antibody (goat anti-mouse or rabbit HRP) at the appropriate dilution for 1 hr. After washing, membranes were treated with an enhanced chemiluminescent reagent (ECL; Amersham) according to the manufacturer's protocol and exposed to film.

Lentivirus and shRNA {#S24}
--------------------

The short hairpin RNA (shRNA) target sequences for SAP97, 5′-GCAAGATACCCAGAGAGCA-3′ (rat, N-terminal), and CASK, 5′-ATCCATGAGCAGGGGCTGA -3′ (rat) were subcloned into the lentiviral vector, FUGWH1(+). This is a modified version of the FUGW vector, containing an H1 promoter which drives expression of the hairpin sequences[@R50].
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###### 

NMDARs exit the soma via a somatic Golgi-independent pathway and insert into dendritic Golgi outposts. **A,B**, Hippocampal neurons were transfected with GFP-GluR1 or NR1-GFP alone, or either subunit along with ARF-Q71I-HA. Cultures were fixed at 12--15h post-transfection. **A)** Co-expression with ARF-Q71I-HA significantly increased the Golgi localization of GFP-GluR1 (arrows, second row) but had no effect on NR1-GFP distribution, or golgi localization (fourth row). **B)** In dendrites, co-expression with ARF-Q71I-HA resulted in a significant accumulation of NR1-GFP at Golgi outposts (bottom panel), as compared to the subunit expressed alone (top panel). **C--E**, Accumulation of endogenous NMDARs at Golgi outposts following mutant ARF1 over-expression. **C**) Expression of the ARF1 mutant had no effect on NR1 localization in somatic Golgi (arrows, bottom row). **D,E)** Cultures transfected with the Golgi marker, Galtase-GFP, alone (top rows), or with ARF-Q71I-HA (bottom rows). Endogenous NR1 (**D**) and NR2B (**E**) exhibited minimal co-localization with outposts in neurons only expressing Galtase-GFP (arrows in top rows, merged panels). Co-expression of the ARF1 mutant resulted in an increase in the co-localization of both NR1 and NR2B with Golgi outposts (arrows in bottom rows, merged panels), as well as in the fluorescence intensity at these structures (pseudo-color intensity panels; increasing intensity is reflected in progression from blue-to-red-to-yellow). Scale bars, 10 μm.
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###### 

NMDARs traffic in a mobile, vesicular, ER sub-compartment. Hippocampal neurons were transfected with DsRed-ER and/or NR1-GFP, fixed at 1day post-transfection, and stained with antibodies against KDEL, NR1, or IP3R. **A)** Co-distribution of previously characterized markers for the mobile ER sub-compartment in dendrites (top row). Newly synthesized, trafficking puncta of NR1-GFP co-localize with KDEL, IP3R, and DsRed-ER (arrows; second, third, and fifth row, respectively). Dendritic DsRed-ER puncta co-localize with endogenous NR1 subunits (arrows, fourth row). Scale bars, 5 μm. **B)** Inverted monochrome images from time-lapse imaging of neurons co-expressing NR1-GFP (top row) and DsRed-ER (bottom row). NR1-GFP and DsRed-ER-containing puncta (arrows) were highly mobile (arrowhead indicates position at time = 0 s). Scale bar, 5 μm. **C)** Cultures were transfected with DsRed-ER, treated with BFA at 2h post-transfection for a period of 10h, then fixed and stained with antibodies against NR2B and GluR1. DsRed-ER-containing puncta that trafficked out of the soma despite Golgi membrane disruption co-localized highly with NR2B (arrows), but not GluR1 (arrows), in both proximal (top panels) and distal (bottom panels) dendritic processes. Scale bar, 10 μm.
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###### 

SAP97 and CASK alter NMDAR trafficking in HEK293 cells. **A)** Top row, transient transfection with: 1) GFP-SAP97, 2) HA-tagged-NMDARs containing NR1 and HA-NR2B, and 3) HA-GluR1, respectively. NR2B and GluR1 subunits contain N-terminal, hemaglutinnin (HA) epitope tags to permit surface HA staining. Bottom row, GFP-SAP97 and HA-GluR1 co-localize at the cell surface. **B)** Loss of GFP-SAP97 and HA-tagged NMDAR trafficking to the plasma membrane. Second row, permeabilization revealed the intracellular retention of both proteins. Bottom row, intracellular clusters were specifically labeled with antibodies against ERP57. **C--D)** Cells expressing GFP-SAP97, HA-NR1/wt-NR2B, and Myc-CASK (**C**) or Myc-CASK-ΔL27N (**D**). Single Z-planes of intact cells demonstrating that co-expression of Myc-CASK (**C**), and not Myc-CASK-ΔL27N (**D**), restores surface expression of SAP97 and NMDARs (surface panels). Permeabilized cells expressing Myc-CAS K (**C**) lack intracellular clusters of NMDAR/SAP97 complexes. Expression of Myc-CASK-ΔL27N (**D**) does not relieve the clustering of NMDA receptors with SAP97. **E)**. Live cells were labeled with anti-HA antibodies, and flow cytometry was used to quantitatively assay for GFP and surface HA-expression. Surface NMDAR expression of GFP-expressing cell populations is shown on the x-axis (arbitrary fluorescence units) and cell granularity (side scatter) on the y-axis. Total fluorescence intensities of surface NMDARs were quantified (right panel). Co-expression with GFP-SAP97 caused a reduction in surface NMDARs (54.93% ± 6.80%, p=0.000882). This reduction was rescued by Myc-CASK (93.34% ± 15.94%) but not Myc-CASK-ΔL27N (69.03% ± 7.83%, p=0.006717). Data are expressed as mean ± SEM, n=3 independent experiments assaying 50000 cells/experiment. Scale bars, 5 μm.
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![SAP97 co-distributes with NR1 and CASK in non-synaptic, mobile puncta. **A)** Hippocampal neurons were fixed at DIV 14, permeabilized, and double-labeled with combinations of antibodies against SAP97, NR1, CASK, and synapsin. SAP97 (top row, scale bar 10 μm) and CASK (second row, scale bar 5 μm) co-localized with NR1 in the soma and in dendritic puncta. Bottom row, SAP97 is found at synaptic and non-synaptic dendritic puncta (arrows, scale bar 10 μm). **B)** Cultures were transfected for 1day with NR1-GFP and YFP-SAP97. Neurons were then fixed, permeabilized, and double-labeled with antibodies against CASK, and synapsin. NR1-GFP, YFP-SAP97, and CASK co-localize in synaptic (arrowheads), and non-synaptic (arrows), dendritic puncta (scale bar 10 μm). **C)** Time-lapse imaging of neurons transfected for 1day with NR1-GFP and RFP-SAP97 (top panels, scale bar 5 μm), or GFP-SAP97 and DsRed-ER (bottom panels, scale bar 5μm). Co-migrating puncta for both transfection combinations trafficked down dendrites at similar velocities (0.13 ± 0.07 μm/s, n=13; 0.34 ± 0.05 n=15, respectively).](nihms122984f4){#F4}

![SAP97, NMDARs, and CASK form a complex in brain. **A)** Co-immunoprecipitation of SAP97, CASK, and NR2B from P2 rat brain lysates. **B)** HEK293 cells were transfected with cDNAs encoding GFP-SAP97, HA-NR1/wt-NR2B, and Myc-CASK or Myc-CASK-ΔL27. Lysates were subjected to anti-HA immunoprecipitation and precipitated proteins were immunoblotted with GFP and c-Myc Abs. **C, D)** Ultrastructural co-localization of SAP97 and NMDARs. **C)** Photograph showing pyramidal cell (P) and radiatum (R) layers of CA1 in P7 rat hippocampus. The tissue was labeled for SAP97 by silver intensified colloidal gold (SIG) using a polyclonal rabbit antibody. The micrograph shows SAP97 labeling in the somata as well as in the neuropil. **D)** Electron micrograph: A high-magnification image of the dendrites of a CA1 pyramidal neuron. SAP97 is immuno-labeled with SIG, the irregularly-shaped and -sized black spots. They were observed in the cytoplasm as well as in association with membraneous organelles, such as the rough endoplasmic reticulum (rER). NR2B subunits were immuno-labeled with 10 nm colloidal gold, examples of which are indicated by arrows. The circles represent the 60 nm-radius area around SAP97 labeling; if NR2B labeling falls within this area, the two were considered to be co-localized. Black circles are examples of SAP97 labeling without any NR2B co-localization, and red circles are those with NR2B co-localization. Scale bar: 25μm for the light micrograph, 200nm for the electron micrograph.](nihms122984f5){#F5}

###### 

Knockdown of SAP97 or CASK reroutes NMDARs to the somatic Golgi and away from dendritic Golgi outposts. Cultures were infected at DIV0 with lentivirus encoding hairpin sequences against SAP97, CASK, or a randomized shRNA sequence (scrambled). Cultures were fixed at DIV16 and stained with antibodies against NR1 and GM130 (**A**), or GluR1 **(C)** or synaptophysin (**E**) and TGN38. shRNA knockdown of SAP97 **(A)** or CASK **(B)** resulted in a significant buildup of NR1 in the Golgi versus control cultures. **B)** Quantitative analysis demonstrated increases of 33% and 48% (mean ± S.E.M. from 10 neurons per group; p = 0.004 and p = 0.019 respectively). **C)** While SAP97 knockdown yielded a significant accumulation of GluR1 in the Golgi (**D,** mean ± S.E.M. from 10 neurons per group; p = 0.008), CASK knockdown had no effect on its distribution. **E)** Knockdown of SAP97 and CASK had no qualitative or quantitative **(F)** effect on the Golgi localization of synaptophysin, another integral membrane protein. **G)** Over-expression of ARF1-Q71I-HA had no effect on the somatic distribution of NR1 in uninfected (top row) and scrambled control (second row) cultures. Neurons infected with SAP97 shRNA displayed an increased somatic Golgi concentration of NR1 (bottom row). **H)** Quantitative analysis of the effect of ARF1-Q71I-HA over-expression in somatic Golgi membranes (mean ± S.E.M. from 10 neurons per group, p = 0.03). **I)** Knockdown of SAP97 yielded a loss of NR1 at ARF1-Q71I-HA puncta in the dendrites of transfected neurons. Scale bars, 10 μm.
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![Knockdown of SAP97 or CASK reduces synaptic NMDARs. Hippocampal neurons were infected shortly after plating, at DIV0, with lentivirus encoding shRNA against SAP97 or CASK, respectively, or a lentivirus with a randomized shRNA sequence (scrambled). **A)** Representative images from an uninfected sister culture (top row), and those infected with a high titer of SAP97 shRNA lentivirus (bottom row). Cultures were fixed at DIV16 and stained with antibodies against NR1 and synaptophysin. The relative intensities of the synaptic NR1 puncta in each field are shown in the third panels (NR1:synaptophysin, pseudo-color intensity image). These were obtained by thresholding and dividing the synaptic NR1 image by the synaptophysin image (see Methods). The resultant pixels were displayed in a pseudo-color channel (progression from blue to red to yellow pixels reflects increasing intensities). **B)** Representative images from an uninfected sister culture (top row), and those infected with a high titer of CASK shRNA lentivirus (bottom row). **C)** Quantification of the decrease in synaptic NMDAR levels following SAP97 or CASK knockdown. Fluorescence intensities of overlapping NR1 and synaptophysin puncta were measured. Shown are the normalized ratios of NR1 to synaptophysin average intensities (mean ± S.E.M. from 10 fields per group; n = 1103, 1108, and 881 puncta from uninfected, scrambled, and SAP97 shRNA cultures, respectively; p = 0.001; n = 1524, 1294, and 840 puncta from uninfected, scrambled, and CASK shRNA cultures, respectively; p = 0.0000003). Scale bar, 10 μm.](nihms122984f7){#F7}
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